Background and Purpose-Stroke-prone spontaneous hypertensive rats (SHRsp) fed a high-salt diet develop malignant hypertension, blood-brain barrier breakdown, and spontaneous intracerebral hemorrhage (ICH). The precise spatial and temporal relationship between these events has not been well-delineated. Methods-Ten SHRsp male rats, fed a high-salt diet, were imaged weekly using MRI, starting at 12 weeks of age.
T he most significant risk factor for intracerebral hemorrhage (ICH) is hypertension, which is found in up to 89% of patients with hemorrhage. 1, 2 The pathophysiological link between chronic hypertension and spontaneous ICH is poorly understood. Stroke-prone spontaneous hypertensive rats (SHRsp), a substrain of spontaneously hypertensive rats (SHRs) derived from Wistar Kyoto rats, are an animal model for hypertension-related spontaneous ICH. These rats, when fed a high-salt "Japanese-style diet," develop accelerated hypertension and early spontaneous ICH, and then die. 3 ICH in these rats appears to be hypertension-related, because antihypertensive agents 4, 5 and normal-salt diets 3 prolong ICH latency and longevity. Although blood-brain barrier (BBB) breakdown and spontaneous hemorrhage has been welldescribed, the spatial and temporal relationship between these events has not been well-defined. In this study, we serially imaged SHRsp rats using MRI to examine the spatial and temporal evolution of BBB breakdown (using permeability maps) and the development of spontaneous hemorrhage (using the T2* sequence).
Subjects and Methods

Animals
SHRsp/A3N male rats from the NIH Autoimmune Rat Model Repository (Bethesda, Md) and Wistar Kyoto rats from Taconic (Germantown, NY) were fed a high-salt low-protein "Japanesestyle" diet (Zeigler Bros) after weaning (3 to 4 weeks of age). Femoral artery blood pressure measurements were obtained at various times after birth. Rats were euthanized at the first sign of obvious neurological deficit, in compliance with regulations of the animal studies committees at Washington University and University of North Carolina. , and turbo-FLASH sequences were used. Gd-DTPA (0.15 mL/100 grams) was injected via tail vein for permeability measurements, and the LookLocker technique was used, using the T1 by multiple read-out pulses for pixel-by-pixel estimates of T1 (TI of 40 ms was used; 20 and 9 echoes were acquired before and after the injection of contrast, respectively, matrix sizeϭ128ϫ64, FOVϭ32 mm, and 4 2-mm slices). T-one by multiple read-out pulses method was repeated 10 times after contrast, and the PATLAK approach was used for obtaining permeability maps for each rat.
MRI
Results
Arterial blood pressure increased rapidly after 8 weeks of age in salt-loaded SHRsp rats (nϭ8), reaching a peak of 250/195 at 16 weeks ( Figure 1A ). Salt-loaded Wistar Kyoto rats (nϭ8) maintained constant blood pressure in the range of 110/85 throughout this period of time. SHRsp rats developed significant neurological deficit (and were euthanized), beginning at 11 weeks of age. All rats were euthanized or died spontaneously by 18 weeks of age ( Figure 1B ), similar to previous findings. 3 Another cohort of SHRsp (nϭ10) was serially imaged by MRI at weekly intervals. Seven rats developed spontaneous ICH as detected by T2* sequences during at least one of the imaging sessions. ICH location varied (cortex, corpus callosum, striatum), as did size. Figure 2 illustrates a rat with a large hemorrhage in the frontal cortex (T2* images) that developed at 14 weeks of age, with extensive edema surrounding the hemorrhage (T2 images).
Increased vascular permeability was detected in a single focus in 5 of the 7 rats in which ICH developed; 3 of these rats demonstrated increased permeability 1 to 2 weeks before the detection of ICH ( Figure 3A) . Increased vascular permeability developed in rat 3 during week 14 (yellow arrow, Figure 3B ), but ICH did not develop until week 16 (red arrow). In all cases, regions of increased permeability coincided with the area of subsequent hemorrhage. Increased vascular permeability was not detected in 2 rats, even in images acquired at the time of hemorrhage ( Figure 3A ). Hemorrhages were very small in these rats.
Discussion
Chronic hypertension induces well-described changes in arteries and arterioles 6 similar to that seen in SHRsp rats, including smooth muscle cell disarray, structural remodeling, 7, 8 and BBB breakdown, especially around vessels with fibrinoid degeneration. 9, 10 In this study, we found that saltloaded SHRsp rats spontaneously developed foci of increased vascular permeability. In many cases, these lesions were predictive of subsequent ICH both spatially and temporally. Increased vascular permeability preceded spontaneous hemorrhage in 3 of 7 rats by 1 to 2 weeks; furthermore, areas of increased vascular permeability coincided with ICH in 5 of 7 rats.
Two rats developed areas of increased permeability only at the time of ICH detection. Although it is possible that BBB breakdown in these 2 rats did not precede ICH, another possibility is that the poor temporal resolution of our imaging scheme (weekly imaging) did not capture BBB leak before ICH (which may have occurred days before the hemorrhage). An additional 2 animals did not show detectable areas of increased permeability even on the scan that demonstrated ICH (these hemorrhages were very small, similar to the microbleeds observed in human patients with amyloid angiopathy). It seems unlikely that ICH would occur in the absence of BBB leak; more plausible is the lack of sensitivity of GdDTPA to detect subtle BBB leak, perhaps betteraccomplished by smaller molecular weight contrast. The small sample size of our study does not permit statistical analysis of the corelationship of BBB leak and ICH, but the spatial and temporal prediction of ICH development is certainly suggestive of a cause and effect relationship.
Gd enhancement was reported to precede hemorrhagic transformation in a rodent embolic stroke model, 11 and in acute stroke patients treated with intravenous tissue plasminogen activator. 12, 13 Although the pathogenesis of hemorrhagic transformation is likely different from hypertension-induced ICH, both may involve vascular degeneration and BBB breakdown, before frank hemorrhage. Based on our results, we raise the possibility that focal Gd enhancement may precede spontaneous ICH in patients with malignant hyper- tension. The clinical significance of this potential predictor of ICH in patients with hypertension remains to be studied. 
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